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is 4. Other cells, such as the direction selective and
midget ganglion cells, perfectly tile the retinal surface;
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of these ganglion cell types (Wa¨ssle et al., 1981b; Dacey,Boston, Massachusetts 02114
1993; Vaney, 1994; Amthor and Oyster, 1995).2 Department of Biochemistry
Some other sensory surfaces are tiled in an analogousand Molecular Biology
way (Blackshaw et al., 1982; Grueber et al., 2002, 2003;The University of Texas M.D. Anderson
Jan and Jan, 2003). Important information on the mecha-Cancer Center
nisms by which dendritic tiling is created comes fromHouston, Texas 77030
studies of the da mechanosensitive neurons of Drosoph-
ila, where repulsive interactions of several sorts mediate
the dendritic remodeling that sculpts the final coverageSummary
of the body wall by individual types of neurons. In outline,
they echo the prescient comment of Nicholls and BaylorIn Brn3b/ mice, where 80% of retinal ganglion cells
(1968) that sensory axons in the leech “might repel otherdegenerate early in development, the remaining 20%
branches from the same cell more than if they comeinclude most or all ganglion cell types. Cells of the
from a homolog, and not at all if they come from asame type cover the retinal surface evenly but tile it
cell with a different modality.” The importance of theseincompletely, indicating that a regular mosaic and nor-
tilings for behavior is that they ensure that each of sev-mal dendritic field size can be maintained in the ab-
eral modalities of touch sensation are efficiently placedsence of contact among homotypic cells. In Math5/
at all locations along the body wall. In the retina, this typemice, where only 5% of ganglion cells are formed,
of parallel sensory surveillance is taken to an extreme:the dendritic arbors of at least two types among the
mammalian retinas are independently tiled by 12 spe-residual ganglion cells are indistinguishable from nor-
cific types of ganglion cell (Roska and Werblin, 2001;mal in shape and size, even though throughout devel-
Masland, 2001b; O’Brien et al., 2002; Sun et al., 2002;opment they are separated by millimeters from the
Rockhill et al., 2002), each reporting on a different facetnearest neighboring ganglion cell of the same type. It
of the visual world.appears that the primary phenotype of retinal ganglion
To accomplish this orderly patterning, at least twocells can develop without homotypic contact; den-
things would seem to be needed. First, the cells needdritic repulsion may be an end-stage mechanism that
a mechanism of developmental motility or selective cellfine-tunes the dendritic arbors for more efficient cov-
death to effectuate the final regular spacing. Second, theerage of the retinal surface.
cells must have, in adult animals or during development,
some sort of “sameness signal,” so that each can recog-Introduction
nize other cells as being individuals of like or unlike type.
Much evidence implicates dendrite-to-dendrite interac-Mammalian retinas contain approximately 55 distinct
tions as playing an important role in the tiling of retinaltypes of neurons, each carrying out a different task in
ganglion cells. (1) The dendritic fields of individual gan-the retina’s circuitry (reviewed by Wa¨ssle and Boycott,
glion cells are deformed where they meet neighboring
1991; Masland, 2001a, 2001b). Retinas efficiently survey
arbors of the same type, so that the cells tile more
the world, and toward that goal individual types of retinal
efficiently than they would were the same arbors to join
ganglion cell cover the retinal surface with remarkable at random. These deformations are seen not only for
precision: each type of neuron achieves a regular mo- cells that tile almost perfectly (Dacey, 1993; Vaney,
saic, maintaining maximal spacing with respect to other 1994), but also for cells with substantial overlap. The
cells of the same type (Wa¨ssle and Riemann, 1978; Wa¨s- latter are exemplified by the  cells, where dendritic
sle et al., 1983a, 1983b; Galli-Resta et al., 2000; Raven repulsion among ganglion cells was first demonstrated
and Reese, 2002). Rockhill et al. (2000) studied within- (Wa¨ssle et al., 1983a, 1983b). (2) During development,
type or between-type regularity for a total of 14 pairings dendrites from cells of the same type are seen selec-
of cell types in the rabbit retina. Neurons of the same tively to contact each other, while ignoring dendrites
type were always evenly spaced with respect to each from cells of different type (Lohmann and Wong, 2001).
other, and neurons of different types were always ran- (3) During a critical postnatal period, removing patches
domly spaced with respect to each other. of ganglion cells from the mosaic induces dendrites of
The ultimate spatial pattern of retinal ganglion cells neighbors of the same type to grow into the vacated
is determined not only by the regularity of soma spacing territory (Perry and Linden, 1982; Eysel et al., 1985; Kirby
but also by the overlap among the dendrites. Individual and Chalupa, 1986; Hitchcock, 1989). This suggests that
ganglion cells of the same type do not overlap each both the regular mosaic of the population (the center-
other very much. The degree of overlap varies somewhat to-center spacing of the cells) and the dendritic spread
of each individual cell are controlled by dendrite-den-
drite interactions among cells of the same type.*Correspondence: masland@helix.mgh.harvard.edu
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Figure 1. Densities and Morphologies of Ganglion Cells in Brn3b/ and Math5/
(A) The numbers of cells counted along dorsoventral and nasotemporal axes from the Brn3b/ (green), Math5/ (blue), and wild-type (red).
The total number of neurons (ganglion cells plus displaced amacrine cells) was evaluated by staining with ethidium homodimer. The number
of ganglion cells was measured by staining for Thy-1.
(B) Average densities of the ethidium and CD90.2 cells in the ganglion cell layer.
(C–H) Ganglion cells filled by injection or retrograde photodynamic “fireworks” in Brn3b/ retinas. Numbers in parentheses correspond to
types named by Sun et al. (2002). Scale bar equals 100 m.
Here we studied the shapes and mosaics of ganglion todynamics) to see dendritic structure in a large series
of ganglion cells. We asked three questions. (1) If mostcells in genetically engineered mice that contain re-
duced numbers of ganglion cells. Brn3b, a member of of the ganglion cells fail to develop, do the surviving
cells retain their identities? Are the residual, low-densitythe Brn3 family of POU domain transcription factors,
plays an essential role in the development of retinal cells comparable in dendritic structure to the cells seen
in the wild-type? (2) Which of the cell types survive? Doganglion cells; the disruption of the Brn3b gene has
been estimated to cause the loss of 60%–80% of retinal the lost ganglion cells in Brn3b/ represent all members
of selected ganglion cell types, or a fraction of the cellsganglion cells (Erkman et al., 1996; Gan et al., 1996).
Math5, a murine ortholog of atonal, is transiently ex- from many types? (3) How do the surviving cells tile the
retinal surface? Do their dendritic arbors expand to fillpressed in developing mouse retinas between E11 and
E13, and its expression coincides with the differentiation the extra space created by low density; or do the cells
rearrange to create clumps of cells with normal size andof retinal ganglion cells. Targeted deletion of Math5 re-
sults in the loss of90% of retinal ganglion cells (Brown tiling; or do the cells create a regularly spaced mosaic
with incomplete tiling?et al., 2001; Wang et al., 2001). Since these manipula-
tions alter the opportunities for cell-cell interaction, we
wondered what would be the effect of the reduced num- Results
ber of ganglion cells on the specification of ganglion
cell types and their tiling. Preliminary studies confirmed previous estimates (Gan
et al., 1996; Wang et al., 2001) of the loss of ganglion cellsWe used overlapping techniques (immunocytochem-
istry, microinjection, gene gunning, and retrograde pho- in the genetically altered mice. The overall decrease in
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Figure 2. Two Types of Ganglion Cells in Wild-Type and Two Knockout Mice
SMI-32 and melanopsin cells from whole mounted retinas of the wild-type (A and D), Brn3b/ (B and E), and Math5/ (C and F). The graph
(G) shows the numbers of cells counted along dorsoventral and nasotemporal axes from the Brn3b/ (blue) and wild-type (pink). Scale bar
equals 50 m.
ganglion cell density was 80% in Brn3b/ and 96% smooth dendrites of the SMI-32 cells (Figure 2). As a
survey, we filled the dendritic arbors of 205 ganglionin Math5/ (Figure 1; Supplemental Figure S1 at http://
www.neuron.org/cgi/content/full/43/4/475/DC1). cells using microinjection, diolistics, or retrograde pho-
todynamics in the Brn3b/ mouse retina. Almost every
type of ganglion cell seen in normal mice was also pres-Most Types of Ganglion Cell Seen in the Wild-Type
ent in the Brn3b/. Figures 1C–1H show micrographsWere Also Present in Brn3b/
of six types of ganglion cell found in Brn3b/, identifiedDo all ganglion cell types suffer a partial loss in numbers,
by the nomenclature of Sun et al. (2002).or do just a few types of ganglion cell suffer a major
Figure 2 shows ganglion cells stained for specificone? There are at least 12 different morphological types
markers by immunohistochemistry. SMI-32, a neurofila-of the ganglion cell in the mouse retina (Sun et al., 2002).
ment antibody that labels large ganglion cells (Wa¨ssleThese are readily distinguished on explicit morphologi-
et al., 1981a, 1981c), was applied to whole mounts of thecal criteria (Masland and Raviola, 2000; Masland, 2001a).
wild-type and the two knockout mouse retinas. SMI-32-Of these criteria, the most powerful are the depth of
labeled ganglion cells have large somata (30 m), 4–5arborization within the inner plexiform layer and the
thick primary dendrites, and large sparsely branchedbreadth of the dendritic arbor. Specific subpopulations
dendritic trees. Their dendrites arborize in layer three ofof retinal neurons arborize within precisely defined
the inner plexiform layer and have a smooth character,strata of the inner plexiform layer, and these layers pro-
with few specializations. Melanopsin, an opsin protein,vide a robust criterion for cell identification. Similarly,
has recently been identified in one subtype of retinalcells of different arbor size are uniquely associated with
ganglion cells in the rat and mouse retinas (Provenciodifferent strata. Finally, the morphology of the dendrites
et al., 2002; Hattar et al., 2002). Melanopsin-expressingbears unique characteristics for different cell types, ex-
ganglion cells have small somata (20 m), 2–3 primaryemplified in the present studies by the heavily beaded
dendrites of the melanopsin-containing cells and the dendrites, and second order branches with beaded vari-
Neuron
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cosities. The second order branches occur within ap- field diameter for either the melanopsin or SMI-32 cells.
As a consequence of the size of the dendritic arborsproximately 50 m of the cell body, as the dendrites
course through the inner plexiform layer toward their and the tiling of the retina by ganglion cells, the mosaic
in Brn3b/ is incomplete: there are gaps between homo-final stratification in layer 1 of the inner plexiform layer,
immediately adjacent to the inner nuclear layer. These typic ganglion cells (Figures 4A–4K). As usual, dendrites
of heterotypic ganglion cells could overlap (not shown).dendrites are gently curved and have few or no branch
points. The dendrites have a highly characteristic, unin-
terrupted row of beaded, evenly spaced varicosities. Spatially Isolated Ganglion Cells in Math5/ Retinas
Both are indistinguishable in the knockouts from wild- Have Normal Dendritic Phenotypes
type. As was noted above, only a few ganglion cells were
There was an 81% decrease in the density of SMI-32 present in Math5/ mice. The number was somewhat
ganglion cells in the Brn3b/ mouse. As will be shown variable from animal to animal, averaging 120.9  73.7
in detail below, the melanopsin-expressing ganglion total ganglion cells/mm2 (n  5). The “mosaics” of gan-
cells of the Brn3b/ retina are restricted to one quadrant glion cells obviously could not be investigated in these
of the retina, and most of melanopsin-expressing gan- retinas. Staining of the melanopsin and SMI-32 cells,
glion cells in the Math5/ retina are located to the pe- however, showed the morphology of individual cells and
riphery of one or two quadrants. The total numbers of their spatial relationship to other cells of the same type.
the melanopsin-expressing ganglion cells were 730.8  The number of SMI-32 cells ranged from 2 to 6 cells
40.6 cells/retina (n  3) in the wild-type, 128.8  26.3 per retina (3.4  1.6 cells/retina, n  10) and they were
cells/retina (n  5) in the Brn3b/, and 23.9.3  4.9 restricted to the periphery of the retina. Because the
cells/retina (n  4) in the Math5/. Thus, an 82% loss number was so few, the usual SMI-32-labeled axon bun-
of melanopsin-positive cells was found in Brn3b/ and dles could not be observed, but immunostaining for
96% in Math5/. These values are close to the percent- SMI-32 sometimes revealed individual axons. Many of
age lost by the total ganglion cell population, again indi- these appeared not to exit the retina via the optic nerve,
cating that most types of ganglion cell survive, with each instead pursuing a meandering course to terminate else-
suffering a fractional loss in numbers. where within the retina. Similar aberrant axons have
been reported in Brn3b/ (Erkman et al., 2000). The
dendritic morphology of the SMI-32 cells was the sameThe Mosaics of the Surviving Ganglion Cells
observed in the wild-type, and their dendritic field sizein the Brn3b/ Mouse Are Regular,
was close to the wild-type (400m diameter in Math5/,but with Deficient Tiling
compared to 360 m in wild-type [n  15]). EachA fundamental organizing principle of the retina is the
Math5/ retina also contained a handful of melanopsin-presence of regularly spaced distributions of neurons,
positive cells (23.9  4.9 cells/retina, n  4). The mela-which ensures a uniform sampling of the visual field
nopsin cells had the normal distinctive pattern of lamina-(Wa¨ssle and Riemann, 1978; Wa¨ssle et al., 1981b; Galli-
tion and branching, with 2 to 3 heavily beaded primaryResta et al., 1999; Rockhill et al., 2000). To understand
dendrites that arborize in sublamina 1 of the inner plexi-the effects of cell loss on array regularity, we investi-
form layer, as recognized in the wild-type mouse andgated the spatial distributions of the surviving ganglion
other mammals (Provencio et al., 2002; Sun et al., 2002;cells. We mapped the position of every melanopsin-
Hattar et al., 2002). As shown in Figure 4C, the melanop-positive cell and every SMI-32-positive cell in wild-type
sin-positive dendritic arbors had normal size, 404 mand mutant retinas (Figure 3). Both populations of gan-
in diameter compared with 445 m in the wild-type (n glion cells showed regular distributions in the wild-type.
15). Math5/ whole mounts showed that distances ofIn Brn3b/, the distributions of the two cell types were
hundreds of micrometers separated the melanopsin-altered in different ways. For the SMI-32 cells, the
positive and SMI-32-positive cells from other cells ofchange was simply a fall in density (Figures 3E and 3F).
the same type (Figure 5).In contrast, the melanopsin cells (Figures 3B and 3C)
were largely depleted from the dorsal retina and concen-
trated in the ventral quadrant. In both cases the mosaic The Early Development of Dendritic Structure
Could the dendrites of like cells have contacted eachspacing of the SMI-32 and the melanopsin-labeled cells
appeared regular, just as in normal retinas. other at some early time in development? The least
ambiguous test case was Math5/, because of its ex-This impression was quantitatively confirmed by the
spatial autocorrelation, measured as the density recov- tremely low density of ganglion cells. We mapped the
SMI-32 and melanopsin cells from P5 to P14 (Supple-ery profile (DRP), which describes the spatial density
of homotypic cells as a function of distance from each mental Figure S3 at http://www.neuron.org/cgi/content/
full/43/4/475/DC1). The density of labeled cells was ex-other (Figures 3G–3J). The labeled ganglion cells
showed a clear exclusion zone where homotypic cells tremely low at all ages. Dendrites of these two cell types
began to extend at about P5 (the earliest age at whichare prevented from occupying nearby positions on the
retina. This analysis indicates that there is a decreased the markers were expressed) and reached their adult
spread at P14. At no time did the dendrites spreadprobability of labeled ganglion cells of the same type
lying close together—they form regular mosaics that widely enough for homotypic contact.
Could the dendrites of the two test cell populationsmaximize the intercell distance.
The average dendritic field sizes from the three lines have contacted each other at still earlier ages, before
expression of the marker proteins? This seemed un-of mouse were measured (Figure 4C). In the Brn3b/
mice, there was no difference from wild-type in dendritic likely: at the age when most ganglion cells are born, the
Ganglion Cell Types and Tiling
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Figure 3. Regular Mosaics of Two Ganglion Cell Populations in Brn3b/
(A–F) Spatial distributions of melanopsin-expressing ganglion cells (A–C) and SMI-32-labeled ganglion cell (D–F) in Brn3b/ and wild-type. A
dot represents a cell body. The gray areas indicate local regions, including the optic nerve head, where staining was incomplete.
(G–J) Density recovery profiles for the Brn3b/ and wild-type retinas.
retina has already reached 25% of its mature size. For Discussion
homotypic interactions among the few ganglion cells
present in Math5/, the ganglion cells would need to Tiling of the retinal surface by specific types of ganglion
cells involves three interrelated developmental prob-pass through a stage of wide dendritic extension, after
which the dendrites retract to the very small size ob- lems: specification of cell type, determining the spacing
of the cells, and control of the sizes of their dendriticserved at P5. To evaluate the possibility of such a pro-
gression, we microinjected cells from E17 to P17. In this arbors. These will be considered in turn below.
mixture of unselected cell types, some of these cells
apparently develop slightly earlier than the SMI-32 and Most or All Types of Retinal Ganglion Cells
Are Present in Brn3b/melanopsin cells and the earliest dendrites were seen
at E17. No stage of hyperextended dendrites was ob- In Brn3b/ mice, a normal complement of retinal gan-
glion cells leaves the cell cycle. These neurons begin theserved; instead, there appeared to be a gradual and
continuous expansion of the dendritic arbors (Supple- process of further differentiation and axon outgrowth.
However, the Brn3b/ gene is a transcription factor thatmental Figure S4).
Neuron
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Figure 4. Incomplete Coverage of Two Ganglion Cell Populations in Brn3b/
(A and B) Incomplete tiling in Brn3b/. Colored polygons indicate boundaries of the ganglion cell arbors. Red arrows point to the gaps
between neighboring ganglion cells.
(C) Sizes of the dendritic arbors of melanopsin and SMI-32-labeled cells in the ganglion cell layer of the wild-type, Brn3b/, and Math5/.
(D and E) Camera lucida tracing of the SMI-32 and melanopsin-positive cell populations in whole mounts of wild-type retinas.
(F and G) The boundaries of the dendritic fields are shown by colored polygons. These dendritic arbors tile the retina with the partial overlap
typical of retinal ganglion cells in normal retinas.
(H–K) Dendritic fields of ganglion cells in Brn3b/. Scale bar equals 100 m.
controls an assortment of downstream genes required In our sample (205 individually filled cells in 25
Brn3b/ retinas), representatives of most of the retinalfor axon outgrowth, including irx6, Olf-1, Olf-2, and ab-
LIM (Gan et al., 1999; Wang et al., 2000; Erkman et al., ganglion cell types observed in a large-scale taxonomy
by Sun et al. (2002) were found. Although it is hard to2000). In their absence, axon growth is defective and
many ganglion cells degenerate. exclude the possibility that some cell types are affected
Ganglion Cell Types and Tiling
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Figure 5. Wide Spacing among Melanopsin
and SMI-32 Cells in Math5/
Spatial distributions of melanopsin and SMI-
32-labeled ganglion cells in Math5/ retinas.
(B) and (D) are high-power views of the indi-
vidual ganglion cells boxed in (A) and (C).
more than others, it seems certain that the80% reduc- http://www.neuron.org/cgi/content/full/43/4/475/DC1),
the remainder could still serve an instructive function.tion in retinal ganglion cells does not fall exclusively
upon a few types of ganglion cell. If the reduction in
total ganglion cells occurred at the selective expense
of particular types, the surviving population would need Orderly Spacing Can Be Maintained without Contacts
among the Dendrites of Homotypic Ganglion Cellsto be heavily skewed toward a few types. That was not
the case; in the remaining 20% we saw a very broad In the Brn3b/ mice, we investigated the spatial order-
ing of the mosaics of retinal ganglion cells. Two typesassortment of retinal ganglion cell types.
This finding supports an earlier suggestion that the of ganglion cell, those that express melanopsin and
those that express neurofilament heavy chains, couldBrn3b/ gene is not associated with a particular set of
ganglion cell types, made from experiments in which be studied as populations. The mosaics of these two
cells behaved in different ways. Melanopsin cells werethe Brn3b promoter controlled the alkaline phosphatase
reporter. An in vitro survey of cultured small retinal found only over a restricted region of the retina, while
SMI-32-positive cells were found throughout. We havepieces from E14 brn3bAP/ and brn3bAP/AP embryos failed
to detect any alkaline phosphatase-negative axons; this no ready explanation for this very different behavior,
although we note that a transretinal asymmetry wassuggests that Brn3b is active in all differentiating gan-
glion cells, regardless of their types (Wang et al., 2000). also noted in the ganglion cells surviving Brn3b/Brn3c
knockout (Wang et al., 2002). In any event, it did notThe fact that all ganglion cell types are present in the
depleted retinas suggests that the specification of cell affect our primary goal, which was to evaluate the way in
which these types of ganglion cell tile the retinal surface.type is independent, to a first approximation, of the
number of available ganglion cell progenitors. One pos- The SMI-32 and melanopsin ganglion cells had arbors
of normal or only slightly enlarged size and were regu-sibility is that ganglion cell type is cell intrinsic, in the
sense that it is set in motion soon after the decision to larly spaced. This created regular mosaics in which no
dendritic contact between homotypic cells occurred,become a ganglion cell has been made (Cayouette et al.,
2003). The 20% of ganglion cells that survive in Brn3b/ even though much evidence, reviewed earlier, indicates
that dendritic contact is needed for regular cell-to-cellwould simply continue to their predetermined fates. This
scenario assumes that a more or less random sample spacing and for the control of the size of dendritic
arbors. We wondered if the cells could have been inof ganglion cells (i.e., one not biased toward a particular
ganglion cell type) degenerates during the period of dendritic contact at an earlier time in their develop-
mental history, but that seems not to be the case. Mostganglion cell loss in Brn3b/. Alternatively, the final phe-
notype of the surviving 20% could be specified by local ganglion cells are born by E17, an age when the retina
has reached 25% of its mature size. Ganglion cells of acues, possibly from the scaffolding of amacrine, bipolar,
and Mu¨ller cells (Yamagata et al., 2002; L. Godinho et given type thus are already separated by substantial
distance. Dendrites gradually and continuously extend.al., 2003, Soc. Neurosci., abstract). Even though there
is loss of some cells of the inner nuclear layer in Since they do not make homotypic contact in the mature
tissue, when the dendritic arbors have their largestMath5/ (Wang et al., 2000; Supplemental Figure S2 at
Neuron
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breadth, there seems no way for the much narrower growth and defines their sizes. It may be that dendritic
repulsion among like types is fundamentally a mecha-arbors to make homotypic contacts at earlier ages.
nism of fine-tuning. In this view, the type of dendriticAn alternative mechanism of cell spacing would be a
arbor and its approximate size are independently deter-diffusible factor that provides a repulsion signal. Such
mined, after which lateral interactions help the dendritesa mechanism would require a great number of cell type-
more efficiently fit the mosaic of their neighbors.specific factors, since the retinal neurons ignore neurons
of dissimilar type. A more farfetched possibility would be
Retinal Neurons Manifest Degrees of Tilingsome sort of positional signal expressed (in a regularly
In Drosophila, tiling is controlled by different mecha-spaced way) by the scaffolding of other cells.
nisms in different cells. The da type III and IV neurons
behave much like some retinal ganglion cells, creatingThe Specification of Cell Size
tiling by a combination of dendritic growth and repulsiveA surprising result was that the dendritic arbors of the
interaction (Grueber et al., 2002, 2003). The type I andganglion cells in undertiled mosaics did not expand to
II neurons appear to cover the body wall evenly but havefill the empty space between their dendritic arbors. This
dendritic arbors that do not touch each other: somethingwas unexpected because of experiments in which a
other than cell-cell contact limits dendritic growth. Thislocal region of the retina was depleted of retinal ganglion
resembles the behavior of the melanopsin and SMI-32cells, after which the dendrites of neighboring ganglion
retinal ganglion cells in the present study.cells were observed to extend into the vacated area
For other retinal neurons, many degrees of tiling are(Perry and Linden, 1982; Hitchcock, 1989). The implica-
observed. Some bipolar cells have coverage factors astion has been that the lost dendrites had provided a
low as 0.6 (Milam et al., 1993), so that their tiling isrepulsive force that prevented neighboring cells from
incomplete. Direction selective (rabbit) and midget (pri-growing into their territory. Analogous results were ob-
mate) ganglion cells tile almost perfectly (Dacey, 1993;tained for the class III and IV da neurons of Drosophila;
Vaney, 1994). Many types of amacrine and ganglion cellstheir arbors avoid other arbors of the same type, and
have coverage factors between 2 and 4 (Wa¨ssle et al.,lesion of one cell leads others of the same type to invade
1981a, 1981c; Vaney, 1986). As noted in the introduction,its vacated territory (Grueber et al., 2003). When super-
these include the  cells of the cat—the cells from whichnumerary cells are added (in hamlet or big brain mu-
the principle of uniform coverage originated (Wa¨ssle ettants), they repel the normally present cells of the same
al., 1983a, 1983b). The SMI-32 cells of the mouse aretype, dividing up the available space into smaller than
thought to be homologs of the cat’s  cells (Peichl etusual parcels (Grueber et al., 2002, 2003).
al., 1987). Among other types of retinal neurons, theIn the Brn3b/ and Math5/ retinas, this type of plas-
coverage can be very high indeed, as for the starburstticity did not exist and the retinal ganglion cells main-
cells, which have a coverage factor of 70. How cantained nearly their normal size. The flagrant example
so many different degrees of overlap be accomplished?occurred for the melanopsin and SMI-32 cells in the
Conceivably, it could be done by graded degrees ofMath5/ retina, where ganglion cells with clearly normal
homotypic dendritic repulsion, but this would requirephenotypes occur in virtual isolation, separated by milli-
remarkable precision of the repulsive forces. Indeed,
meter distances from the nearest other ganglion cell of
Farajian et al. (2004) recently showed normal mosaics
that type. To be sure, these are stray ganglion cells that
and normal dendritic field size of starburst cells in the
somehow escaped the usual developmental program to face of 40% chemotoxic depletion of the starburst cell
develop in a grossly abnormal retina. That does not population; clearly homotypic interactions control nei-
change the fact that these retinal ganglion cells success- ther the dendritic field size nor the spacing of these cells.
fully developed the normal ganglion cell phenotype, in- It is possible that our results are influenced by the
cluding a normal size, in what appears to be the com- fact that the ganglion cells survive on a mutant back-
plete absence of contact with other ganglion cells of ground. In addition, we could study mosaics only for
that type. the two populations that have reliable markers, the mela-
Our results demonstrate that the two components of nopsin and SMI-32 cells, and they could be unrepresen-
tiling (cell spacing and dendritic spread) can be sepa- tative of the more general group. On the other hand,
rately regulated. We do not doubt the importance of the SMI-32 cells are the exact neurons for which the
interaction among homotypic cells in the normal devel- paradigm of tiling was first established: they are homo-
opment of retinal ganglion cell shape and tiling, but our logs of cat  cells, where tiling was first established and
results suggest that additional controls exist. In retro- has been most studied over the years (Wa¨ssle et al.,
spect, there are hints of such controls in earlier results. 1981b). We could observe individual members of many
In the lesion experiments, for example, ganglion cells other cell types and although we could not study their
bordering a ganglion cell-depleted area do not grow mosaics, they clearly did not have expanded dendritic
without limit. Their dendrites extend into the vacated fields. While it will be important to confirm these results
territory, but only for a clearly defined distance (Perry for other cell types and other experimental manipula-
and Linden, 1982; Eysel et al., 1985). An  cell that tions, the suggestion at present is a developmental se-
extends its dendrites to one side in such a retina remains quence in which (1) the number and spacing of the cells
identifiable as an  cell, and its dendrites extend only is established, (2) dendritic field size and shape are con-
tens or hundreds of micrometers before their growth strained by instructions from a more or less autonomous
stops, even though “empty” territory remains adjacent developmental program, and (3) the dendritic fields are
to them. Thus, retinal ganglion cells contain information fine-tuned for more efficient tiling by homotypic interac-
tions at regions of dendritic contact.other than dendrite-dendrite contact that limits their
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Experimental Procedures X-100 in phosphate-buffered saline (PBS; pH 7.4). The primary anti-
bodies were CD90.2 antibody against Thy-1 (1:100; PharMingen,
San Diego, CA); anti-SMI-32 (SMI-32 reacts with a nonphosphory-Retinal Preparation
Experiments were performed on adult Brn3b/ mice and Math5/ lated epitope in neurofilament H) (1:100; Sternberger Monoclonals,
MD) and rabbit anti-mouse melanopsin (1:200; kindly provided bymice, which were generated in the laboratory of W.H. Klein at the
M.D. Anderson Cancer Center and maintained at the Massachusetts Drs. K.-W. Yau and H.-W. Liao); goat anti-ChAT (1:200; Chemicon,
Temecula, CA); mouse anti-PKC (1:100; Amersham, ArlingtonGeneral Hospital. Adult C57/BL6 mice at ages 6 to 8 weeks were
used for comparisons. The gene targeting strategies and retinal Heights, Illinois); and rabbit anti-Dab 1 (1:500; kindly provided by
Dr. B. Howell). The primary antibodies were diluted in 5% NGS, 1%characteristics are given by Gan et al. (1996) and Wang et al. (2001).
Animals were anesthetized with a mixture of ketamine hydrochloride BSA, 0.5% Triton X-100 in PBS and applied for 3–5 days. After
washes in PBS, secondary antibodies conjugated either to Alexa(30–40 mg/kg) and xylazine (3–6 mg/kg). Experimental procedures
were in accordance with institutional guidelines. Eyes were quickly TM 488 (1:500; Molecular Probes) or Alexa TM 594 (1:500; Molecular
Probes) were applied for 2 hr. For nuclear staining of the total popu-enucleated after a reference point was taken to label the superior
pole, and then the retina was dissected free of the vitreous and lation of cells in the ganglion cell layer, retinas were immersed for
2 hr in 2 M ethidium homodimer (Molecular Probes) in 0.1 M phos-sclera in carboxygenated Ames’ Medium (Sigma, St. Louis, MO).
phate buffer (pH 7.4). The tissue was mounted in Vectashield (Vector
Laboratories), and the brightness and the contrast of the final imagesCell Injection
were adjusted using Adobe Photoshop 6.1. Some cells were tracedThe methods for intracellular injection are based on those described
in three dimensions using the neuron tracing software package Neu-previously (Tauchi and Masland, 1984, 1985) and are described
roLucida (MicroBrightField Inc, Williston, VT) or drawn in a cam-in detail elsewhere (Lin et al., 2000). The DAPI-stained retina was
era lucida.mounted ganglion cell side up on a Millipore filter and then placed in
a superfusion chamber mounted on a fixed-stage Leitz microscope.
Data AnalysisIndividual ganglion cells were injected with a solution of 4% Lucifer
We counted total ganglion cell layer neurons, Thy1 immuno-positiveyellow (Sigma) in 0.1 M Tris/HCl buffer (pH 7.6), using a 40 water-
ganglion cells, SMI-32 immuno-positive ganglion cells, melanopsinimmersion objective (Achroplan, NA 0.75, Zeiss). Following cell in-
immuno-positive ganglion cells, starburst cells of both the INL andjection, the retina was fixed for 60 min in 4% paraformaldehyde
GCl, rod bipolar cells, and AII amacrine cells. Cells were counted(Ted Pella, Redding, CA) in 0.1 M phosphate buffer (pH 7.4) at 4	C
along both the nasotemporal and dorsoventral retinal meridians inand mounted in Vectashield (Vector Laboratories, Burlingame, CA).
fields 240  240 m (or 500  500 m for SMI-32 immuno-positiveThe melanopsin and SMI-32 cells were targeted. Dextran fluorescein
and melanopsin immuno-positive ganglion cells). To quantify den-(3000 MW, Molecular Probes, Eugene, OR) was injected into the
dritic field size of the ganglion cell, a convex polygon was drawnsuprachiasmatic nucleus (SCN) of the hypothalamus of both wt and
by connecting the distal-most tips of the dendrites using the Meta-Brn3b/ mice through glass pipettes. After 3 days injection, retinas
Morph software (Universal Imaging) and the area calculated; to facili-were removed and prepared for microinjection. Melanopsin-express-
tate comparison, it was sometimes converted to equivalent diame-ing ganglion cells were injected with a solution of 4% Lucifer yellow
ter, by assuming a circular dendritic field.(Sigma) in 0.1 M Tris/HCl buffer (pH 7.6).
The spatial organization of the mosaic was investigated by analyz-In order to find SMI-32-positive cells for microinjection, cells with
ing the density recovery profile (DRP) as described by Rodieckbig cell bodies in whole-mounted retinas were targeted in the whole-
(1991). Digital images of each field were collected and digitally mon-mount retinas of both wt and Brn3b/ mice after retrograde of
taged. The area sampled included roughly half of the test retina.the Dextran fluorescein from the superior colliculus. Following cell
Distances between cells were measured by a locally written com-microinjection, the retina was fixed for 30 min in 4% paraformalde-
puter program (Rockhill et al., 2000). For the density recovery profilehyde and immunostained with anti-SMI-32 antibody to confirm these
(DRP), a spatial autocorrelation, each cell in the field was consideredinjected cells as SMI-32-positive cells.
as a reference cell and the distribution of distances of all other cells
from the reference cell was plotted. A second cell was then treatedSuperior Colliculus Injections and In Vitro Photostaining
as a reference cell, and a similar distribution measured. When theThis followed closely the method introduced by Dacey et al. (2003).
results were binned, the DRP shows the average distribution ofIn brief, the superior colliculus of the Brn3b/ mouse was injected
distances from any chosen cell. A negative autocorrelation (seewith 2%–4% biotinylated dextran-conjugated tetramethylrhoda-
Figure 3) thus appears as a zone from which other cells are excluded,mine 3000 mw (Molecular Probes) in sterile saline through an open
at near distances.craniotomy. After a survival time of 5–7 days, the animal was deeply
anesthetized and the eyes were removed for in vitro photoreaction.
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